Successively smaller glacial extents have been proposed for continental Eurasia during the stadials of the last glacial period leading up to the Last Glacial Maximum (LGM). At the same time the large mountainous region east of Lake Baikal, Transbaikalia, has remained unexplored in terms of glacial chronology despite clear geomorphological evidence of substantial past glaciations. We have applied cosmogenic 10Be exposure dating and optically stimulated luminescence to establish the first quantitative glacial chronology for this region. Based on eighteen exposure ages from five moraine complexes, we propose that large mountain ice fields existed in the Kodar and Udokan mountains during Oxygen Isotope Stage 2, commensurate with the global LGM. These ice fields fed valley glaciers (>100 km in length) reaching down to the Chara Depression between the Kodar and Udokan mountains and to the valley of the Vitim River northwest of the Kodar Mountains. Two of the investigated moraines date to the Late Glacial, but indications of incomplete exposure among some of the sampled boulders obscure the specific details of the post-LGM glacial history. In addition to the LGM ice fields in the highest mountains of Transbaikalia, we report geomorphological evidence of a much more extensive, ice-cap type glaciation at a time that is yet to be firmly resolved. geomorphological evidence of a much more extensive, ice-cap type glaciation at a time that is yet to be firmly resolved.
Introduction
The glacial history of northern Eurasia has displayed opposing trends between its western, central and eastern parts during the last glacial cycle. Whereas the Fennoscandian Ice Sheet reached close to its maximum Pleistocene extent at the Last Glacial Maximum (LGM; in Oxygen Isotope Stage [OIS] 2), the continental sector of the Barents-Kara Ice Sheet and smaller Eurasian ice masses to the east show a sequence of successively diminishing glacial advances (stadials) during the course of the last glacial cycle Stauch and Gualtieri, 2008; Astakhov, 2013) . In order to better understand this apparent anti-phase behaviour between the Fennoscandian and Barents-Kara ice sheets, we focus on major glaciated massifs in a remote area of Eurasia for which information is wholly lacking. 3 al., 2013). Despite some regional differences in the relative prominence of glacial advances during different cold periods, the general trend in the Altai and Sayan mountains, located south of the maximum continental limit of the Barents-Kara Ice Sheet, is for progressively smaller glaciations since OIS-6 ( Fig. 1 ; Gillespie et al., 2008; Lehmkuhl et al., 2011; Arzhannikov et al., 2012; Zhao et al., 2013) . A large ice cap that existed in the central SayanTuva Upland in OIS-6 and -4 was apparently absent during OIS-3 and -2 when the character of glaciation changed to branching valley glaciers (Komatsu et al., 2007b; Arzhannikov et al., 2012) . In the Khangai Mountains of west-central Mongolia, the most extensive preserved moraine ridges date to OIS-3 with OIS-2 ice limits reaching nearly the same extents (Rother et al., 2014 ). An even stronger trend of successively diminishing glacial advances is documented for the Verkhoyansk Mountains, a large mountain group east of the Aldan and Lena rivers in eastern Siberia (Fig. 1) . Here moraine complexes dated with infrared optically stimulated luminescence indicate minimal ice masses during the (global) LGM (Stauch et al., 2007; Stauch and Gualtieri, 2008; Stauch and Lehmkuhl, 2010) . Shahgedanova et al., 2003) . The region displays significant glacial modification but little information is available concerning ice extent or 4 chronology (Shahgedanova et al., 2003; . Here we investigate the timing of glaciations in central Transbaikalia with particular focus on the Kodar Mountains, the region's highest massif. Based on cosmogenic 10Be exposure dating and optically stimulated luminescence (hereafter abbreviated to exposure dating and OSL, respectively), we propose a framework for the extent and timing of the last glaciation and thus provide a new perspective on the nature of the LGM in northern Eurasia.
Transbaikalia, Siberia
The mountains of Transbaikalia, including those surrounding Lake Baikal, form a region of high-relief stretching more than 1000 km along a west-east axis between 108-121° E (Fig. 1 ).
The mountain crux of the region is located between 58-55° N where peaks ~3000 m above sea level (asl) stand more than 2000 m above the surrounding extensional depressions of the Baikal Rift (Figs. 2, 3 ). Lower mountains (<2000 m asl) are bounded to the north by the River Lena at about 58° N, and south of 55-56° N sees the rolling terrain of the Vitim Plateau. The regional climate is boreal, with continentality and precipitation following a northwestsoutheast (drying) gradient consistent with being at the easternmost fringe of west-derived moisture (Geniatulin, 2000) . 
Glacial history
Evidence of past glaciation was first recognised in Transbaikalia by Kropotkin (1876) who described traces of past glaciations in the mountains of northern Transbaikalia down to 630 m asl. Describing the mountains of the region, Obruchev (1923 Obruchev ( , 1932 distinguished two glacial 5 events and suggested that "glaciers had an alpine character in more mountainous areas, while in plateau and highland areas they were close to Scandinavian type" (Obruchev, 1923, p. 34) .
Despite more intensive field research after 1945 motivated by mineral exploration and infrastructure projects, no consistent picture was to emerge regarding the glacial history of the region. Opinions varied widely both in terms of the intensity of glaciation and its timing. Logatchev (1974) suggested two glacial stages: Samarovo (Middle Pleistocene) of valley glacier or ice-cap type, and Zyryanka (Late Pleistocene), which included several stages of valley glaciation. In contrast, Zolotarev (1974) suggested two stages of valley glaciers during the middle Pleistocene, with the possibility that some glacial sediments were of Early Pleistocene age, followed by a more intensive glaciation in the early-Late Pleistocene when an ice cap might have been present in the Bodaybo region (Figs. 2, 3 ). The timing of this latter stage was determined by fossil fragments. Climate during the LGM (Sartan stadial according to the regional chronology) was too arid for the development of larger ice masses, according to Zolotarev (1974) , but valley glaciers existed in the highest ranges.
More recent investigations of the sedimentary record within the intermontane basins seem to confirm two glacial stages in the Middle Pleistocene plus two stages during the Late Pleistocene (Bazarov, 1981; Bazarov et al., 1986; Enikeev, 2008 Enikeev, , 2009 ). In addition, the intermontane basins Muya-Kuanda and Chara (Figs. 2, 3) are described as having been repeatedly filled by lakes and, although their origin remains disputed (cf. Kulchitskiy et al., 1995; Ufimtsev et al., 1998; Kolomiets, 2008) , many agree that the damming of rivers by glaciers was responsible (Osadchiy, 1979 (Osadchiy, , 1982 Krivonogov and Takahara, 2003; Enikeev, 2008 Enikeev, , 2009 -as suggested by the pioneering work of Obruchev (1929) . None of the studies above provides chronological constraints on the regional Quaternary glacial stratigraphy. Quantitative dating available for the study area consists solely of 14C and is summarised below (all 14C ages are calibrated using IntCal13 [Reimer et al., 2013] calibration curve in Calib 7.0 online calibration calculator [Stuiver and Reimer, 1993];  uncertainties are reported at 1o, with ages rounded to the nearest 10 cal yrs; original uncalibrated 14C ages and laboratory numbers are given in parentheses)1. 3) A 1180 m deep drill-core in the Chara Depression, thought to span the Pliocene and Pleistocene, is constrained by one date of 42, 750 cal yrs BP (38, 210 ± 870 14C yrs BP; LU-977) on a piece of wood, identifying OIS-3 sediments at 41.1-73 m depth (Enikeev, 2008) . 4) A large number of radiocarbon dates are available from several sites in the northwest portion of the study area, largely from archaeological research locales (Ineshin and Teten'kin, 2010) . Those relevant for the regional glacial history are: (i) a pair of dates from the valley of the Karenga River (a tributary of the Mama River; Fig. 2 ) on bones 1 14 14 We note that several of the reported C ages approximate the ~ 40-35 kyr limit of conventional C dating and therefore possibly reflect a minimum age.
embedded in "moraine-like" sediments dated to 20,990-20,700 cal yrs BP (17,290 ± 100 14C yrs BP; GIN-8983) and 29,370-27,900 cal yrs BP (24, 600 ± 730 14C yrs BP; , with several other dates falling into a broader LGM period derived from bones and mammoth tusks embedded in laminated lacustrine sediments in the adjacent tributary valleys of the Mama River; (ii) a date on charcoal from an exposed section at the Vitim River, 1 km south of the Mamakan River mouth, dated to 23,270-21,850 cal yrs BP (18,670 ± 600 14C yrs BP; SOAN-4546) and a date on bone from an exposed section at the Bodaybo River 2 km upstream from its mouth, giving 27,090-26,090 cal yrs BP (22,300 ± 500 14C yrs BP; GIN-8878; Fig. 2) ; (iii) a group of ages on bones and wood from alluvial sediments on the Vacha River, in the area northeast of Bodaybo ( Fig. 2) spanning ~35,240 cal yrs BP (~33,000 14C yrs BP) to beyond the 14C limit (Ineshin and Teten'kin, 2010) .
The lack of either geochronology or systematic mapping of the glacial geomorphology has kept Transbaikalia as an empty space on the map between the more closely studied regions of the south Siberian mountains (e.g., Lehmkuhl et al., 2004; Komatsu et al., 2007a, b; Lehmkuhl et al., 2007; Gillespie et al., 2008; Lehmkuhl et al., 2011; Arzhannikov et al., 2012; Zhao et al., 2013) and the mountains of far north-east Russia and the Kamchatka peninsula (e.g., Brigham-Grette, 2001; Bigg et al., 2008; Stauch et al., 2007; Stauch and Gualtieri, 2008; Stauch and Lehmkuhl, 2010; Barr and Clark, 2011; 2012) . This knowledge gap motivated the mapping survey of 
Field sites
Our study centres on the Kodar Mountains, the highest massif in the region, which currently hosts over 30 small cirque glaciers (Preobrazhenskiy, 1960; Shahgedanova et al., 2003 Shahgedanova et al., , 2011 Stokes et al., 2013; Osipov and Osipova, 2014) . We collected samples for exposure dating from boulders on moraine complexes in the Chara Depression and in the River Vitim valley (Table 1 . All samples were of medium to coarse grained granite lithology with the exception of GLV-13, which consisted of mica-schist. With the aim of extending the knowledge of glaciations farther afield, we sampled a glacially eroded bedrock surface (coarse-grained granite) on a hillslope above the Vitim River opposite the town of Mamakan (V-12-MM-15; Fig. 7a-c) near Bodaybo. We also collected a sample for OSL analysis from glaciolacustrine sediments deposited behind a moraine in the Tamarak valley downstream of the Aglan-Yan, a minor range south of Bodaybo Figs. 2, 7a, . At this site, a ~20 m high section of upwards-coarsening diamicton is exposed in a road side gravel pit (see Fig. 7f ). At the eastern end of the section, several metres of stratified sediment grade up from clayey-silts at base to silts with intercalated sandy beds. We attribute this sequence to a minor proglacial lake, which formed when the drainage of a tributary valley coming from the NNE was blocked by a glacier lobe in the Tamarak River valley (see Fig.   7d ). 
Methods

Cosmogenic 10Be analyses
Samples for exposure dating were collected with a hammer and chisel, and sample coordinates and elevations were recorded via hand-held GPS (Table 1 ). Samples GLV-11 and GLV-13, collected in 2011, were processed at Deutsches GeoForschungsZentrum GFZ in Potsdam. Quartz was separated and cleaned following procedures based on Kohl and Nishiizumi (1992) and 10Be was extracted using ion chromatography following procedures described by von Blanckenburg et al. (2004) and von Blanckenburg et al. (1996) , using approximately 250 pg 9Be carrier solution prepared from phenakite mineral, with 9Be concentration of 372.5 ± 3.5 ppm. 10Be/9Be ratios of these two samples were measured at the University of Cologne's accelerator mass spectrometer laboratory (Dewald et al., 2013) . The 10Be^Be ratio of the full procedural blank prepared with these samples was 0.8 ± 0.3 x 10"15 and blank corrected 10Be/9Be ratios obtained for GLV-11 and GLV-13 were 2.5 ± 0.1 x 10"13 and 2.4 ± 0.1 x 10"13, respectively. The 10Be/9Be ratios obtained for the two samples were Nishiizumi et al., 2007 and Balco et al. 2008 for more details).
The V-12-MM series of samples, collected in 2012, were processed at the Australian Nuclear Science and Technology Organisation (ANSTO) using a combination of standard HF/HNO3 methods after Child et al. (2000) and hot phosphoric acid (Mifsud et al., 2013) . All samples were spiked with a 10Be-free solution of approximately 300 qg 9Be prepared from a beryl crystal solution at 1080 (± 0.7%) ppm. Full procedural chemistry blanks were prepared from the same beryl and gave a final mean 10Be/9Be ratio of 13.2 ± 1.5 x 10"15 (n=4, mean of two procedural blanks). Blank corrected 10Be/9Be ratios ranged between 0.8 and 8.0 x 10"13 with analytical errors ranging from 2 to 6%. The 10Be/9Be ratios were measured at the ANSTO ANTARES accelerator (Fink and Smith, 2007) and were normalised to the NIST SRM-4325 standard with a revised nominal 10Be/9Be ratio of 2.790* 10-11. Errors for the final 10Be concentrations (atoms/g) were calculated by summing in quadrature the statistical error for the AMS measurement, 2% for reproducibility, and 1% for uncertainty in the Be spike concentration.
Exposure ages were calculated using the CRONUS online calculator (Balco et al., 2008;  version 2.2; constants 2.2.1) and are reported here using the time-dependent CRONUS Lm2 production rate scaling of Lal (1991) and Stone (2000) , with a reference spallation production rate of 3.94 ± 0.20 atoms g-1 yr-1 (Heyman, 2014). The 10Be half-life of 1.387 ± 0.012 Myr (Chmeleff et al., 2010; Korschinek et al., 2010) was used in all calculations. Sample TK-12-01 was collected using a stainless-steel tube hammered into the sediment profile and processed at the Stockholm University luminescence laboratory. Sediment from the outer part of the sample was used for gamma spectrometric measurements; cosmic ray dose was calculated using present-day depth and assuming average water content of 40 ± 5 % during burial, considering the fine-grained nature of the sediment and its position. Material from the inner part of the sample was sieved (63-100 pm) and chemically pre-treated (HCl, H2O2, Na-oxalate). The quartz fraction was isolated using heavy liquids, and then etched with 40% HF (60 min), followed by 10 % HCl treatment (> 120 min) and re-sieving. Equivalent dose (De) was determined (Ris0 DA-20) using a modified version of the SAR-protocol of Murray and Wintle (2000) , with preheating at 230°C for 10 s prior to all OSL measurements (blue diode stimulation for 60 s at 125°C, Hoya U340 detection filter).
Optically stimulated luminescence analyses
Results
The full set of 10Be analytical data and exposure ages are presented in Table 1 For OSL sample TK-12-01, representing glaciolacustrine deposition behind a moraine in the Tamarak valley (Fig. 7a, d-f ), 48 replicate measurements were carried out (2 mm aliquot size), and 32 of those passed the usual rejection criteria (Wintle and Murray, 2006) . The distribution of De values was found to be relatively complex, implying the presence of partial bleaching in some of the aliquots. Using the Central Age Model results in an age of 20.6 ± 2.4 ka, whereas the Minimum Age Model (MAM, db = 0.20) yields 10.6 ± 1.7 ka (Table 2; cf. Galbraith et al., 1999) . The true age of deposition is likely to fall between these two scenarios, but it would require a larger number of samples to better constrain the age estimates. 
Discussion
Interpreting 10Be concentrations in glacial landforms
The 10Be concentration measured in a boulder on a moraine crest reliably records the timing of glacial retreat assuming that the sampled surface: 1) does not contain cosmogenic nuclides inherited from an earlier ice-free interval; 2) has been continuously exposed sub-aerially since emergence from under ice and has not been shielded by sediment, snow or vegetation cover;
3) has not been repositioned or reoriented appreciably; and 4) has experienced negligible erosion. The above factors fall into two categories: processes that lead to overestimation of the exposure age (1), and processes that make the modelled ages too young (2, 3, and 4). Such biases have been discussed in various studies that include distinctions as to which processes dominate a given study area depending on the mode of glaciation, and geomorphic and climatic setting (e.g., Gosse and Phillips, 2001; Fink et al., 2006; Balco, 2011; Heyman et al., 2011) . It has been shown that bedrock surfaces are generally more prone to nuclide inheritance (Briner and Swanson, 1998; Stroeven et al., 2002) , whereas incomplete exposure is more common for moraine boulders due to post-depositional disturbances (Heyman et al., 2011) . For either case, surface erosion leads to loss of accumulated cosmogenic nuclides and hence a younger apparent exposure age, although weathering/erosion rate corrections (typically a few mm/ka) are generally minor for postglacially exposed surfaces (e.g. Andre, 2002) . A correction for the cumulative effect of snow cover is difficult to gauge reliably over 104 y timescales (Schildgen et al., 2005) , as is the influence of a forest canopy (Plug et al., 2007) , though both will result in underestimation of the true exposure age (Gosse and Phillips, 2001 ). Here we apply no corrections to our measured 10Be concentrations to account for erosion or shielding and thus all modelled ages should be considered as minima.
Glaciation in the high mountain ranges: Kodar and Udokan
The mapped geomorphology , part of which includes the moraines sampled for exposure dating, indicates extensive mountain ice fields in the Kodar and Udokan mountains (Figs. 3, 4) . The two distinct generations of moraines on the southern slopes of the Udokan Mountains are an optimal target for investigation (see Fig. 3 ), but regrettably these were out of reach for logistical reasons. Instead, we focused on deciphering the chronology of glacial limits in the Chara Depression and on the northwest side of the be more complicated (we discuss this further in Section 5.1.2), the moraines in the Chara Depression represent terminal glacier positions. These massive moraines were formed by outlet glaciers of the Kodar and Udokan ice fields and some feature two distinct moraine ridges (Fig. 5 a, b) . In addition, a series of recessional moraines occur sporadically upstream of the terminal moraine complexes, for example, in the Syulban River valley (Fig. 4) .
As noted above, the 10Be concentrations for multiple samples from a given single moraine spread over a range that cannot be explained by the far smaller analytical error for all the samples within the group. For example, the three samples from the Ikabja moraine ( V-12-MM-7, -8, -9) give more than a twofold range in 10Be concentration yet each has a total analytical error < 5% (Table 1) . Therefore, the observed age spread must result from geological factors and some of the post-depositional processes mentioned above are strongly implicated. Unfortunately, the small number of samples measured for individual moraines does not allow for a more detailed quantitative interpretation of the ages, such as that suggested by Applegate et al. (2012) . However, we can propose qualitative interpretations that allow an age model to be selected, based on our judgement of the main active geomorphic processes. If the large spread in 10Be concentrations resulted from widespread and varied nuclide inheritance (despite this being rather uncommon; Heyman et al., 2011), then the youngest age for each deposit would be the more reliable as it would contain the lowest proportion of inheritance and therefore a minimum age model would be most appropriate. However, in that case, half of the sampled moraines would be of mid-Holocene age, which is highly implausible considering the available information on past climate and glacial chronologies from the wider region (Mackay, 2007; Shichi et al., 2009; Tarasov et al., 2009; Arzhannikov et al., 2012) . 15 Alternatively, we infer that processes causing age underestimation have affected some of our samples. Several factors can be invoked. First, the study area lies within zones of continuous and discontinuous permafrost (Maurer, 2007) ; hence, permafrost dynamics have quite possibly contributed to post-depositional disturbance throughout the Late Glacial and Holocene. Moreover, the moraines might have been ice-cored (and possibly still are) and the buried ice may have experienced melting during the warmer-than-present climate of the early Holocene (Tarasov et al., 2009 ) resulting in alteration of the moraine morphology. Second, the existence of a temporary glacial lake has been documented in the Chara Depression (Enikeev, 2008 (Enikeev, , 2009 . The outer Apsat moraine crest has the lowest elevation of all moraines sampled in the Chara Depression and we observed glaciolacustrine sediments outcropping at the distal slope of the moraine (57.00155° N, 118.32108° E). If a glacial lake submerged this moraine and others within the Chara Depression, wave erosion along shorelines could potentially modify and destabilize the moraine crests, leaving them prone to degradation even after drainage of the lake. Third, the degree of weathering among sampled boulders and blocks was highly variable. Whereas some surfaces appeared highly weathered, with weathering rinds and certainly some loss of material, others were fresh, highly resistant to chiselling and without noticeable alteration of the rock surface. Nonetheless, no apparent relationship is discernible between the degree of weathering and the modelled exposure ages. Although variable erosion rates would result in scattered, depressed ages, any reasonable range of erosion rates acting continuously over the past 20 to 40 kyrs would not on its own explain the excessive spread in 10Be concentrations.
Similarly, no relation is found between the height above ground surface of the sampled boulders and their modelled age, with the possible exception of sample V-12-MM-11, which was among the lowest free-standing heights and volumes and where the local surface morphology possibly indicates progressive surface degradation (see Fig. 5b ). We apply a maximum age model to our moraine boulder exposure ages to infer the timing of ice retreat. Considering the oldest age measured on each moraine: at Leprindo Lakes the outer moraine dates to ~20 ka (i.e., matching the LGM), and the inner moraine crest dates to ~14 ka (Fig. 5b) ; at the Apsat River moraine complex, all ages on the outer moraine crest must be rejected since they would make it younger than the inner crest and the inner moraine ridge is dated to ~23 ka (i.e., again consistent with LGM age; Fig. 5a ). Following the same logic, the Ikabja moraine (Fig. 5c ) would date to ~48 ka. However, here we argue that since sample V-12-MM-09 is more than two-times older than all others in our dataset, and the other two Ikabja samples fall within the LGM (~23 and ~20 ka), this anomalously old sample is interpreted to reflect nuclide inheritance. Akin to the other two moraine complexes, the Ikabja moraine is thereby also attributed LGM age. Moving from the Chara Depression to the northwest slopes of the Kodar Mountains, the moraine in the Vitim River valley west of Lake Oron (Fig. 6a ) matches with the LGM (~20 ka), while the Baznyi moraine (Fig. 6b) is of a Late Glacial age (~16 ka).
Our data illustrate the difficulty with conducting exposure age dating in active permafrost areas (cf. Zech et al., 2005; Stroeven et al., 2014) . In opting for a maximum age model, we suggest our data support a glacial advance between 23-20 ka, commensurate with global
LGM timing (Yokoyama et al., 2000; Clark et al., 2009) , plus a possible Late Glacial readvance after ~16 ka. Our mapping indicates that glaciers in the Kodar Mountains reached lengths of over 100 km (Fig. 3) at the LGM. This contrasts with the limited glacier extents reconstructed for the LGM in the regions farther east (Stauch et al., 2007; Stauch and Gualtieri, 2008; Stauch and Lehmkuhl, 2010) and also with the south-eastern sector of the 17 Barents-Kara Ice Sheet, which did not reach continental Siberia during OIS-2 .
Glaciation in the Bodaybo area
Whereas our data from the Kodar and Udokan mountains provide strong evidence for an
LGM ice advance in the high massifs of Transbaikalia, the few data available from the Bodaybo area of the Vitim valley to the north-east (Fig. 7) allow only for some speculations on the broader regional glaciations. The glacially-scoured hillslopes above the Vitim River near Mamakan show signs of local weathering and exfoliation, though our sampling site was carefully chosen from an intact glacially-scoured bedrock surface (Fig. 7c) . It is likely that some surface weathering has occurred since glacial striations were not observed, and we cannot exclude the possibility that the sampled surface was for some time shielded by colluvium, which would lower its average 10Be production rate. In any case, our modelled exposure age of 21 ka is difficult to reconcile with the radiocarbon chronology indicating that the Vitim River valley at Bodaybo was ice- 10a). The existence of this ice cap at some prior stage is evident from the regional pattern of glacial modification, with areal scouring observed in the highlands north of the Vitim River (see Fig. 3 ; , and has been previously discussed in the literature (Obruchev 1923 (Obruchev , 1932 Logatchev, 1974; Zolotarev, 1974; Enikeev, 2009; .
Our OSL date from the Tamarak River valley (TK-12-01; Table 2 , Fig. 7a, d-f) indicates that a glacier ~20 km in length descended from the Aglan-Yan Range at ~21 ka. Peaking at 1836 m asl, the Aglan-Yan Range is substantially lower than the higher massifs to the south, though it still bears evidence of mountain glaciation. Based on this single OSL age, we speculate that the Aglan-Yan Range and similar minor ranges to the north of the high mountain crux of Transbaikalia were heavily glaciated at the LGM (Fig. 10) .
Comparison with previous glacial chronologies fo r Transbaikalia
Notwithstanding the debate concerning the multiplicity of earlier glaciations in Transbaikalia (see Section 2.1), our dating captures the OIS-2 glaciation only. According to the available regional climate records, derived from pollen and Lake Baikal diatoms, the coldest part of OIS-2 spans 26-20 ka (Muller et al., 2014) and thus coincides with the global LGM (Yokoyama et al., 2000; Clark et al., 2009 ). This period was not only colder but also drier than the preceding OIS-3 (Prokopenko et al., 2001; Mackay, 2007) . Cold conditions remained until at least 14.5 ka (Shichi et al., 2009) , followed by warmer and possibly wetter than present-day conditions at 14-13 ka (Shichi et al., 2009; Tarasov et al., 2009) . Cooling then returned between 12.8 and 11.6 ka, during the Younger Dryas Chronozone (Mackay, 2007; Shichi et al., 2009; Tarasov et al., 2009). 19 Our data indicate that extensive glaciation existed during the coldest part of OIS-2 in the high mountains of Transbaikalia with a system of branching valley glaciers feeding from the Kodar Mountains into the Vitim valley and into the Chara Depression, which also received glaciers from the Udokan Range (Figs. 3, 9) . Whereas solid evidence exists for large LGM mountain ice fields on the highest massifs, the paucity of chronological constraints beyond the high mountains invites a more speculative view. The geomorphology is in clear support of an ice cap glaciation to the northwest of the Kodar Mountains that filled the Vitim valley with ice for several hundreds of km, but the timing of this event is not firmly established. We note that the suggestions of a Middle or early Late Pleistocene glaciation from Logatchev (1974) and Zolotarev (1974) match the more recent glacial chronologies from the wider region that advocate diminishing ice extents leading up to and including the LGM Gillespie et al., 2008; Stauch and Gualtieri, 2008; Arzhannikov et al., 2012) .
A crude estimate of LGM equilibrium line altitude (ELA) using a toe-to-headwall altitude ratio of 0.5 (Benn and Lehmkuhl, 2000) coupled with the elevation of the lowest preserved lateral moraines indicates a NW-SE altitudinal trend in ELA consistent with the precipitation gradient. ELA grew in height from ~975 m asl in the Aglan-Yan Range, to ~1500 m asl on the southern slopes of the Udokan Range (Fig. 10b) . Indeed, for the region northwest of the Kodar Mountains an ELA at ~1000 m asl quite possibly provided sufficient accumulation area for an ice cap to develop. Nonetheless, given that we have just one date in favour of an LGM ice cap capable of supporting a Vitim valley glacier beyond Bodaybo, and that this date conflicts with the existing 14C dates from the area (albeit via potentially unreliable 14C measurements on bone; e.g., Stafford et al., 1987; Bird et al., 1999) , we defer to future work on the question of the regional ice-cap style glaciation. 
A Late Glacial readvance?
A final question that remains difficult to resolve with our data concerns the Late Glacial readvances and their extent. Notwithstanding Mackay's (2007, p. 198) view that "the transition from the end of the last glacial into the Holocene (Termination 1) was rapid in Lake Baikal (only c. 4 ka)", climate reconstructions elsewhere indicate that conditions remained cold until ~14.5 ka, then cooled again after warming briefly at 14.5-13 ka, coincident with the B0lling-Aller0d interstadial (Shichi et al., 2009; Tarasov et al., 2009) . Unfortunately, the large spread in our moraine boulder exposure ages makes it difficult to provide a reliable conclusion on the presence of a Late Glacial ice re-advance in the study area. With this caveat stated, following a maximum age model for our moraines (excepting the inheritance in V-12-MM-09) yields an LGM age for the inner Apsat, outer Leprindo, Ikabja, and Oron moraines, whereas the Baznyi and inner Leprindo moraines are attributed to a Late Glacial advance.
Interestingly, the latter two 'Late Glacial' moraines attest to an ice extent similar to that of the 'LGM' moraines. We note that a similar pattern has recently been reported from the Khangai Mountains of Mongolia (Fig. 1) , where an ice re-advance at 17-16 ka reached within 1-2 km of the local LGM limits (Rother et al., 2014) . In addition, evidence of minor still-stands or re advances of glaciers higher in the mountains exists in the form of recessional moraines in some mountain valleys (Fig. 4) . Such sites remained out of reach during our 2011 and 2012 field expeditions, leaving much further work yet to be done. 6
Conclusions
We applied cosmogenic 10Be exposure dating to glacial landforms with the aim of the highest massifs during OIS-2, coincident with the global LGM. The relatively large spread among the exposure ages is most likely due to incomplete exposure caused by post depositional disturbance of the moraines. Whereas two of the investigated moraines date to the Late Glacial and minor recessional moraines do occur higher in the mountains, the issue of incomplete boulder exposure compromises our ability to specify the precise timing of a Late Glacial re-advance in the region.
Strong evidence exists for an even more extensive ice-cap type glaciation northwest of the Kodar Mountains. We argue, on the basis of OSL-dated glacigenic sediments, that even the lower mountains to the north of the highest massifs were heavily glaciated at the LGM.
Although a single 10Be exposure age in support of the ice cap also indicates an LGM age, this conflicts with existing radiocarbon ages recording ice-free conditions at the Vitim River near Bodaybo at the time (Ineshin and Teten'kin, 2010) . A suggested pre-OIS-2 timing for this extensive regional glaciation would be consistent with the trend of successively smaller glaciations since OIS-6, previously reconstructed in northern and northeastern Eurasia Stauch and Gualtieri, 2008; Arzhannikov et al., 2012) . Suffice to say that compelling evidence exists for large ice fields in the mountains of Transbaikalia at the
LGM, but the timing of an even more extensive, regional ice-cap glaciation has yet to be established. 7
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